Aims/hypothesis. The aim of this study was to examine the relation between serum total homocysteine concentrations and microvascular complications in Pima Indians with Type 2 diabetes. Methods. Homocysteine concentrations were measured in frozen sera of 396 diabetic participants in a longitudinal study who were 40 years of age or older and who had attended one or more examinations between 1982 and1985. Retinopathy was assessed by fundoscopy and nephropathy by an albumin:creatinine ratio greater than 300 mg/g. The incidence rate ratio for a 5 µmol/l difference in homocysteine was calculated using proportional hazard regression. Results. The incidence of each complication was assessed in subjects without that complication at baseline and with more than one follow-up examination: 229 for nephropathy, 212 for retinopathy and 266 for proliferative retinopathy. There were 101 incident cases of nephropathy, 113 of retinopathy and 40 of proliferative retinopathy during a mean follow-up of 8.6, 7.5 and 8.9 years, respectively. Incidence of nephropathy was associated with homocysteine concentrations: IRR=1.42 (95% CI, 1.09-1.84, p=0.01); this remained statistically significant controlled for age, sex and duration of diabetes (p=0.03), but not when controlled for baseline renal function (p=0.4). Homocysteine concentrations were not associated with the incidence of any retinopathy IRR=1.14 (95%CI 0.89-1.46, p=0.3) but were associated with the incidence of proliferative retinopathy IRR=1.62 (95% CI 1.16-2.28, p=0.005); this association remained statistically significant when controlled for baseline renal function and diabetes duration (p=0.02). Conclusions/interpretation. Increased homocysteine concentrations are associated with an increased risk for incidence of nephropathy and proliferative retinopathy; the relation with incidence of nephropathy seems to be explained by an association with baseline albuminuria status concentrations, whereas the relation with incidence of proliferative retinopathy does not. [Diabetologia (2003) 46:766-772] 
disease has long been recognized, although the mechanism that links homocysteine to vascular disease is not yet clear. This has prompted studies to see if more modestly increased concentrations of homocysteine (15-100 µmol/l) are associated with arteriosclerotic disease [1, 2] . As macrovascular disease is a common complication of diabetes, studies have also examined the role of homocysteine and the incidence of cardiovascular disease in diabetes [3] . In addition associations have been reported between homocysteine concentrations in diabetic subjects and the prevalence of microvascular disease, such as nephropathy [4, 5] and An association between severely increased serum homocysteine concentrations (>100 µmol/l), as seen in homocystinuria, and the early onset of arteriosclerotic retinopathy [6, 7] . An association between baseline homocysteine and the incidence of microalbuminuria in a largely non-diabetic population has also been reported [8] . We investigated the relation of homocysteine and the prevalence and incidence of microvascular complications in Pima Indians with Type 2 diabetes.
Subjects and methods
The present study was part of an ongoing longitudinal study amongst the Pima Indians of the Gila River Indian Community in central Arizona. Community residents are invited to undergo examinations on a biennial basis regardless of health. These examinations include anthropometric measurements, direct fundoscopy through dilated pupils, retinal photography, urinalysis, systolic and diastolic blood pressure and fasting, and 2-h plasma glucose taken as part of a 75 g OGTT. Use of medication, current alcohol intake (classified into none, light or moderate to heavy) and smoking history (classified as either current smoker or not) were also recorded during each exam. Albuminuria was assessed by nephelometry (Hyland Nephelometer 4/82-12/83, Baker Nephelometer 1/84-5/88, Behring Nephelometer 6/88 to present). Blood pressure was measured to the nearest 2 mmHg with a mercury sphygmomanometer with diastolic blood pressure measured at the 4 th Korotkoff sound. Hypertension was defined as a systolic blood pressure above 140 mmHg, a diastolic blood pressure above 90 mmHg or use of antihypertensive medication. Diabetes was diagnosed on the basis of a 75 g glucose tolerance test according to the World Health Organization guidelines or of a documented previous clinical diagnosis.
We selected all diabetic participants in the longitudinal study who had an examination during the years 1982 to 1985 and who were 40 years of age or older at that time. Stored sera were available for 396 people (80% of the 493 people otherwise eligible). Total serum homocysteine was measured by HPLC with fluorometric detection [9] in 1998 on fasting serum samples, when available, which had been stored at −20°C. For 21 subjects we did not have fasting samples available and 2-h sera were used instead. Exclusion of the data from the 2-h samples did not change the overall results of the analyses. Vitamin B 12 and folate were also measured using a competitive protein binding radioimmunoassay from Bio-Rad Laboratories (Hercules, Calif., USA) [10] . Vitamin B 12 and folate concentrations were available for 394 of the 396 subjects.
Fundoscopy and urinary albumin measurements were available for 371 subjects at the baseline visit and 289 subjects had at least one follow-up exam by December 31 st , 2000 in which fundoscopy and/or urinary albumin measurements were available (73% of all those with available homocysteine concentrations). Among those without nephropathy at baseline (n=283) 229 (81%) had at least one follow-up examination and likewise among those without retinopathy at baseline (n=271) 212 (78%) had at least one follow-up examination; of those without proliferative retinopathy at baseline (n=349) 266 (76%) had at least one follow up examination. For a subgroup of 266 subjects, baseline retinal photographs were also available with 178 subjects also having a follow-up retinal photograph.
We assessed the association of baseline homocysteine with the presence and development of nephropathy and retinopathy. Nephropathy was defined by a urine albumin to creatinine ratio (ACR) of 300 mg/g or more. Retinopathy was classified into three groups: none, non-proliferative, and proliferative. Grading was based on the fundoscopic findings of the worst eye at each exam. The "none" group included eyes with hard exudates only, as previously they have been shown to be common in Pima Indians without diabetes [11] . The "non-proliferative" group comprised those with at least a single microaneurysm in one eye but no signs of proliferative retinopathy. The "proliferative" group included those with proliferative changes or scars from previous laser therapy in at least one eye.
Baseline data were analysed using Spearman rank correlation coefficients for the continuous variables whereas linear regression models were used to compare geometric means of homocysteine concentrations for the categorical variables (sex, hypertension, smoking, use of antidiabetic medicine). Linear regression models were also used to calculate age and sex adjusted geometric means for homocysteine, vitamin B 12 and folate at baseline for the presence or absence of each complication. The natural logarithm was taken for each of the dependent variables to reduce skewness. One subject had severe hyperhomocysteinemia (of 103 µmol/l as well as nephropathy and proliferative retinopathy) at baseline. This individual was excluded from the analyses because the primary aim of this study was to evaluate the role of more modest concentrations of serum homocysteine and such extreme values could be unduly influential in statistical models. In incidence analyses person-time accumulated from the baseline exam to the first exam at which a complication was present or until the most recent exam attended (as of the end of 2000) if the complication remained absent, allowing a maximal follow-up of 18 years. Homocysteine was included in univariate and multivariate analyses for the development of nephropathy or retinopathy using Cox's proportional hazard models. Various models included potentially confounding variables such as age, sex, duration of diabetes, fasting plasma glucose concentrations, urine ACR, serum creatinine and hypertension. Fasting glucose was used as a measure of glycaemia in preference to HbA 1 as there were less missing data, though results were similar when HbA 1 was used in the models instead. Subjects were included in the models when they did not have the relevant complication (nephropathy, any retinopathy or proliferative retinopathy) at baseline. The validity of the proportionality assumption was tested for each variable by including a time-dependent interaction term [12] . Incidence rate ratios (IRRs) with 95% CI are expressed for a 5 µmol/l difference in serum total homocysteine which is approximately equal to one standard deviation. A p value of less than 0.05 was considered statistically significant.
All participants in this study gave their informed consent and this research was carried in accordance with the Declaration of Helsinki as revised in 2000. The longitudinal Pima study is approved by the institutional review board of the National Institute of Diabetes and Digestive and Kidney Diseases and by the Gila River Indian Community. The homocysteine study was also approved by the institutional review board of the Centers for Disease Control and Prevention.
Results
Baseline demographics and laboratory data are shown along with baseline correlations between homocysteine concentrations and other continuous variables ( Table 1 ). The correlation coefficient was the highest for serum creatinine and homocysteine concentrations (r=0.51, p<0.0001). Age, ACR, systolic and diastolic blood pressure were also positively correlated with homocysteine concentrations while BMI, fasting glu-cose, vitamin B 12 and folate were negatively correlated with homocysteine concentrations. In linear regression models men had a higher concentration of homocysteine than the women (10.6 µmol/l vs 8.9 µmol/l respectively, p<0.0001). Hypertensive subjects had higher concentrations than normotensive subjects (10.7 µmol/l vs 8.6 µmol/l respectively, p<0.0001) but there was no statistically significant difference between homocysteine concentrations in hypertensive subjects treated with anti-hypertensive medication and those who were untreated (p=0.8). People who did not undergo pharmacologic treatment for diabetes had a lower mean concentration of homocysteine than those who were taking insulin (either alone or in combination with oral hypoglycaemic agents) (9.6 µmol/l vs 9.9 µmol/l respectively, p=0.60) but had a higher mean concentration than those who were taking only oral hypoglycaemic agents (9.6 µmol/l vs 8.7 umol/l respectively, p=0.0513). There was no statistically significant association with smoking (9.4 µmol/l for non smokers and 9.6 µmol for current smokers, p=0.72) or alcohol consumption (9.4 µmol/l for non drinkers vs 9.6 µmol/l for light alcohol drinkers and 8.7 µmol/l for moderate to heavy drinkers, p=0.64). In a linear regression model including all factors with significant correlation (p<0.05) to homocysteine at baseline, serum creatinine, serum folate (inverse), age and male sex were independently associated with homocysteine concentrations.
Baseline homocysteine was higher in those with than without nephropathy but there was no association with baseline retinopathy grades ( Table 2 ). Folate and Vitamin B 12 were not associated with either nephropathy or retinopathy at baseline ( Table 2) .
Development of Nephropathy.
Of the 229 people without nephropathy at baseline, 101 developed nephropathy over a mean follow-up period of 8.6 years (Inci- dence Rate =51.2/1000 person years). Homocysteine concentrations were associated with the incidence of nephropathy and remained so when adjusted for age, sex, duration of diabetes and systolic blood pressure (Table 3) . Results were similar when hypertension was included as a categorical variable. However, the IRR was markedly attenuated (and was no longer statistically significant) when baseline fasting glucose concentrations, ACR or creatinine were included in the model. Although the analysis was limited to subjects without nephropathy at baseline, both baseline ACR and serum creatinine concentrations were positively associated with the incidence of nephropathy in univariate models. (ACR had an IRR of 2.70, 95% CI 2.14-3.42 per 10 mg/g difference, and serum creatinine had an IRR of 3.08, 95% CI 0.84-11.22 per 10 µmol/l difference). We repeated our analyses restricted to those who did not have microalbuminuria at baseline (ACR<30 mg/g). In these analyses there were 152 people with 48 incident cases over a follow-up period of 9.8 years (Incidence Rate=32.1/1000 person years). The point estimates for incident rate ratios were stronger in all these models than in those for the full set of 229 people without baseline nephropathy and were not substantially attenuated by adjustment for confounders, although the association was not statistically significant when adjusted for systolic blood pressure or ACR.
Development of any retinopathy. There were 212 people with "no retinopathy" on fundoscopy at baseline. Over a mean follow-up of 7.5 years, 113 people developed retinopathy (non-proliferative or proliferative Incidence Rate=70.8/1000 person years, Table 4 ). Homocysteine was not a statistically significant risk factor for the development of any retinopathy in either univariate or multivariate analyses (Table 4 ). This was still the case when the baseline group was restricted to people with normoalbuminuria at baseline. We found similar results for the subgroup with retinal photograph data for whom retinopathy could be defined.
Development of proliferative retinopathy.
Of the 266 people without proliferative retinopathy at baseline, 40 developed proliferative retinopathy over a mean follow-up period of 8.9 years (Incidence Rate=17.0/1000 person years). Homocysteine had an incident rate ratio of 1.62 (95% CI 1.16-2.28) per 5 µmol/l difference for the development of proliferative retinopathy as diagnosed with fundoscopy in univariate analysis and this was only slightly attenuated in models adjusted for age, sex and duration of diabetes (Table 4) . Due to the small number of incident cases we were limited in the number of variables that could be included without overfitting the model and, as age and sex were not in themselves statistically significant factors they were not included in all the models shown. Further adjustment for ACR, serum creatinine or fasting glucose concentrations only modestly attenuated the IRR associated with homocysteine though the result for the model with serum creatinine, diabetes duration and fasting glucose was not quite statistically significant. Using a forward stepwise selection procedure to which all variables other than homocysteine were available, we identified insulin use and serum creatinine as the only statistically significant predictors of proliferative retinopathy. The risk associated with homocysteine was only modestly attenuated by adjustment for these two variables, IRR=1.44 (95% CI 0.97-2.13, Table 4 ).
Restricting the group to those with normoalbuminuria at baseline (ACR<30 mg/g) reduced the number of incident cases to 16 but the univariate analysis still showed homocysteine to be a statistically significant risk factor (IRR=2.08, 95%CI 1.20-2.62) though the number of cases was too small for further models.
Vitamin B12 and Folate. Both vitamin B12 and folate were negatively correlated with homocysteine but neither was associated with the incidence of microvascular complications. Including these variables in models with homocysteine made little change to the IRR estimates for any complication (Table 3, Table 4 ).
Discussion
Among Pima Indians with diabetes, serum homocysteine concentrations were higher in the presence of nephropathy and the incidence of nephropathy was associated with baseline homocysteine concentrations. There was no association between homocysteine concentrations and the prevalence or incidence of retinopathy but higher serum homocysteine was associated with increased risk for proliferative retinopathy.
High concentrations of homocysteine have been associated with macrovascular disease and cardiovascular mortality in both the general population [1] and in people with diabetes [3] . In many populations homocysteine concentrations are higher in smokers [13] but that was not the case in our study; this finding could relate to the lower prevalence of smoking in this population [14] .
It has been reported that homocysteine concentrations are increased in renal failure of various aetiologies [15] though the mechanism for this remains unclear. Several studies have found higher mean homocysteine concentrations associated with prevalence of nephropathy in people with Type 2 diabetes [4, 5, 16] . Similar findings have also been reported for Type 1 diabetes with correlations to albumin excretion rate [4, 6, 17] and serum creatinine [17] which are similar to our results in Pima Indians with Type 2 diabetes.
There is little information on whether homocysteine concentrations predict future incidence of nephropathy. In a population study from the Netherlands, higher baseline homocysteine concentrations have been associated with an increased incidence of microalbuminuria. This association was statistically significant in people without diabetes but the number of subjects with diabetes was too small for meaningful conclusions [8] . In our study, increased homocysteine concentrations at baseline were associated with an increased incidence of subsequent nephropathy, but this association was much attenuated with control for baseline ACR or serum creatinine concentrations. This suggests that increased homocysteine concentrations per se do not lead to renal damage, but they could serve as a marker of occult nephropathy. If so, the finding that the risk was stronger and was not attenuated with control for baseline ACR or serum creatinine in those with normoalbuminuria suggests that homocysteine could be a particularly sensitive marker of renal function in these subjects. We have defined nephropathy on the basis of increased urinary albumin excretion. Although we can not completely exclude nephropathy due to non-diabetic causes, in this population increased albumin excretion in the presence of diabetes is virtually always associated with evidence of diabetic nephropathy on biopsy [18, 19] .
There have been a number of studies concerning the relation between homocysteine and retinopathy. A high prevalence of retinopathy has been found amongst people with Type 2 diabetes who had fasting homocysteine concentrations greater than 16 µmol/l [20] . This study reported an odds ratio adjusted for age, sex, HbA 1c , hypertension and creatinine clearance of 3.33 (95% CI 0. 99-11.19) . Other studies in Type 1 diabetes have reported positive associations between retinopathy and homocysteine [4, 6, 7, 17] . In some studies this relation seems to be confounded by nephropathy [4, 17] , whereas in others it persists despite control for nephropathy [6, 7] . In our study, there was no association between homocysteine concentrations and prevalence of retinopathy in Pima Indians with Type 2 diabetes.
There are few data on the relation between homocysteine and the incidence of diabetic retinopathy. In a longitudinal study of 50 people with Type 1 diabetes followed for 5 years, baseline homocysteine concentrations were correlated with serum creatinine and urinary albumin excretion but not with baseline or incident retinopathy [21] . We also showed no relation between homocysteine concentrations and incidence of retinopathy of any grade but there was an association between increased homocysteine and incidence of proliferative retinopathy. The strength of this relation was only modestly attenuated with control for baseline albuminuria or glycaemia. Although the association between homocysteine and risk of proliferative retinopathy could be explained by homocysteine being a marker of renal function or other risk factors for proliferative retinopathy, homocysteine seems to be a sensitive marker that provides additional information about risk of proliferative retinopathy beyond that provided by customary clinical measures.
We made use of homocysteine concentrations measured in stored serum samples. The possibility of homocysteine degradation during long-term storage has been examined by a study which measured homocysteine concentrations in sera frozen for 6 to 16 years at −20°C, and compared them with fresh samples. The difference in homocysteine concentrations was not correlated to storage time over that time frame [22] . We also compared homocysteine from stored samples with fresh samples in 20 subjects and found that while homocysteine was slightly higher in the older samples this difference was not statistically significant for fasting samples. It is customary that EDTA whole blood collected for homocysteine measurements is either separated at once from the red cells or stored over ice for up to 4 h after drawing the blood to avoid an artificial increase of homocysteine concentrations through the red cells that are still producing and releasing homocysteine into the plasma. That was not the case with our fasting samples, which could have been held up to 2 h before processing. We did find that homocysteine concentrations were slightly higher in the fasting samples than in the freshly collected and optimally processed samples for the 20 subjects (which were mostly processed within an hour of drawing), but these differences were again not statistically significant. Furthermore it is unlikely that any artificial increase or degradation influenced the results since all the fasting samples were processed identically. Since initial drawing the majority of samples included in this study (354/396) had been thawed and refrozen on one occasion before homocysteine was measured. We have no data on how this could affect measured concentrations.
Our study has relied on the use of a single baseline measure homocysteine concentration and other covariates for predicting outcomes. Whereas this is analogous to the clinical situation, it could be informative for biologic purposes to consider exposure over the entire period at risk (i.e. in a time-dependent analysis). We could not look at homocysteine as a time-dependent variable as repeat measures were not made. One would expect incidence rate ratios based on a single measure to be closer to the null hypothesis than those based on time-dependent covariates so we do not think that this undermines the positive associations we found with nephropathy and proliferative retinopathy. We were unable to assess dietary folate intake as that was not recorded in our study but we were able to show that the association was not likely to be mediated by folate because serum folate was not a statistically significant risk factor. Although we have collected data on whether antihypertensive medications were being used we do not have data on which types of antihypertensives were being taken. Thus it is difficult to determine whether specific medications for hypertension could have been a confounding factor in this study. However, others have found no difference in homocysteine concentrations between differing hypertensive medications including diuretics and ACE inhibitors [23] .
It is possible that increased homocysteine is more than a marker of disease and is actually a causative factor in the development of nephropathy and proliferative retinopathy. In which case control for baseline creatinine could be overadjusting. If so, the mechanism by which this occurs could be similar to that by which it presumably causes macrovascular disease. The mechanism by which homocysteine is related to macrovascular disease is not clear [24] . Homocysteine has been shown to damage endothelial cells via the generation of hydrogen peroxide [25] and to alter vasomotor activity [26] . In vitro work has suggested that this damage could be potentiated in the presence of hyperglycaemia [27] . There is also evidence that homocysteine can cause apoptosis in retinal ganglion cells of mice [28] . Whether homocysteine is a marker for microvascular disease risk or actually has a causal role for people with diabetes, homocysteine could become a useful measurement for assessing both macrovascular and microvascular risk in diabetes.
